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Quantum sensing of radio-frequency signal with NV

centers in SiC

Zhengzhi Jiang'?, Hongbing Cai**, Robert Cernansky®?, Xiaogang Liu"*°*, Weibo Gao>*7*

Silicon carbide is an emerging platform for quantum technologies that provides wafer scale and low-cost indus-
trial fabrication. The material also hosts high-quality defects with long coherence times that can be used for
quantum computation and sensing applications. Using an ensemble of nitrogen-vacancy centers and an XY8-
2 correlation spectroscopy approach, we demonstrate a room-temperature quantum sensing of an artificial AC
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field centered at ~900 kHz with a spectral resolution of 10 kHz. Implementing the synchronized readout tech-
nique, we further extend the frequency resolution of our sensor to 0.01 kHz. These results pave the first steps for
silicon carbide quantum sensors toward low-cost nuclear magnetic resonance spectrometers with a wide range
of practical applications in medical, chemical, and biological analysis.

INTRODUCTION

Solid-state spin defects are promising platforms for quantum appli-
cations such as quantum computing, sensing, and communication
(1-4). These spin defects or color centers have spin ground states
that can be optically polarized and detected due to spin-dependent
intersystem crossing (5). Among them, negatively charged nitro-
gen-vacancy (NV) centers in diamond have shown prominent
spin properties and attracted extensive studies (6-8). NV in
diamond has been used to detect individual proteins and image
magnetic domains in van der Waals materials (9, 10). Furthermore,
it has demonstrated high-resolution nuclear magnetic resonance
spectroscopy of biological structures at both nano- and micrometer
spatial domains using a synchronized readout technique (11-13).
This powerful approach enables to extend the spectral resolution
of quantum sensors beyond its physical limits given either by the
relaxation (T;) or decoherence time (T5).

Although NV centers in diamond have shown remarkable spin
properties, diamond as a host material is not compatible with con-
ventional electronic circuits (14). By comparison, silicon carbide
(SiC) is a technology-friendly material with a large-scale production
capacity and mature doping techniques (5). Several kinds of color
centers in SiC have been identified and proven promising for
quantum applications (15, 16). NV centers in SiC are reported to
show spin properties similar to NV in diamonds (17). Moreover,
the excitation and emission wavelengths for NV centers in SiC are
in the near-infrared range, which is preferred for bioimaging (18,
19). Recently, coherent control of NV ensembles in 4H SiC at
room temperature was reported (20). However, the short
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decoherence time T, caused by the noise of the nuclear spin bath
and other paramagnetic species limits their further applications.

Here, we extend T, of NV in SiC up to 10 times longer than with
spin echo using the dynamical decoupling technique also known as
the XY8-N pulse sequence. As a result, we perform radio-frequency
(RF) signal detection at ~900 kHz with a resolution of 10 kHz using
the correlation spectroscopy approach. This spectral resolution is
limited by the T; time of the SiC NV center. The experiment
scheme is shown in Fig. 1A. To extend the spectral resolution of
our sensor, we use the synchronized readout technique to further
improve the resolution by 1000 times down to 0.01 kHz. These
results show a great promise of SiC defects to be used as emerging
quantum sensors for future practical applications.

RESULTS AND DISCUSSION
Structure and low-temperature spectrum
The investigated sample contains a high concentration of NV
centers created by irradiating N-doped 4H SiC (Wolfspeed) with
12-MeV protons and subsequent annealing at a high temperature
(900°C) for 12 hours (21). The NV center in 4H SiC consists of a
nitrogen atom instead of a carbon atom and an adjacent silicon
vacancy (22). Because of the two nonequivalent sites designated
as "h" (quasihexagonal) and "k” (quasicubic) in 4H SiC, there are
a total of four configurations (Fig. 1B). Among them, hh and kk
are axial with C;, symmetry. Our studies focus on the two axial
NV defects. The other two basal configurations are hk and kh
(23). Upon off-resonance excitation with a 980-nm laser at 10 K,
these four types of NV centers show distinct zero-phonon lines
(ZPLs) (Fig. 1C). Each NV peak is labeled according to its NV con-
figuration (2I). The weak ZPL and their phonon sideband signals in
the range from 1000 to 1150 nm indicate the coexistence of some
divacancies. The ZPL of divacancy defects (PL4 and PL5) are
labeled. The peak at approximately 1173 nm is the ZPL of
Unknown Defect-1, which arises from tungsten impurities in sub-
stitutional positions (labeled as Wg; in Fig. 1C) (24, 25). The pres-
ence of tungsten impurities could be due to annealing in
the furnace.

All spin manipulation experiments were performed using a
homemade confocal microscope (see details in the Supplementary
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Fig. 1. Experiment scheme and different structures. (A) Scheme of the RF quantum sensing. (B) Four configurations of NV centers in 4H SiC. (C) Photoluminescence
spectrum obtained at 10 K with 980-nm off-resonance excitation. Zero-phonon lines (ZPLs) of different NV configurations are labeled in the insets. VV defects are also
labeled (PL5 and PL4). Wy; is UD-1 defect, which arises from tungsten impurities in substitutional positions. (D) Simplified energy-level diagram of an NV center in 4H SiC. A
980-nm laser (red arrows) can be used to optically excite the NV center from spin-triplet ground state to spin-triplet excited state with spin conserved. From the excited
state manifold, the NV can decay radiatively and emit a red-shifted photon (orange arrows). The mg = +1 states are dimmer than the m, = 0 state due to the spin-de-

pendent intersystem crossing (dashed gray arrows).

Materials). A 50x/0.65 infrared (IR) objective is used to focus the
excitation laser on the sample and collect fluorescence. A 980-nm
laser with an integrated modulator provides off-resonance excita-
tion for the sample. After passing the signal through a 1250-nm-
long pass filter, the PL signal is coupled into a multimode fiber
and guided to a variable-gain photoreceiver. The microwave is gen-
erated by an RF signal generator and gated by an RF switch. After
amplification by a high-power amplifier, the microwave is applied to
the sample either via a self-designed antenna or a golden omega
hoop (d = 100 um) on the sample surface.

ODMR and coherent manipulation

Identification of the axial NV can be done by observing the optically
detected magnetic resonance (ODMR) while varying the axial mag-
netic field strength. A simplified energy-level diagram is shown in
Fig. 1D. The spin-dependent intersystem crossing contributes to the
spin polarization and the ODMR contrast. The electronic ground
state spin Hamiltonian of NV in 4H SiC is

H = D[S} — S(S+1)/3] + E(S; — S;) + gusBS.

where D and E are axial and transversal components of the zero-
field splitting parameter, S is the total spin quantum number, and
S,z are the Pauli spin matrices. The last term describes the Zeeman
effect where g, up, and B are the electron g factor, the Bohr magne-
ton, and the static magnetic field, respectively (20). For axial NV, E
has been reported to be 0, and the last term provides a linear rela-
tionship between its ODMR and magnetic field strength (21). By
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scanning the value of the axial magnetic field, we find two sets of
ODMR signals with linear behavior, as guided by the gray and
red dashed lines in Fig. 2A.

To further identify them, the ODMR at 0 G was measured (Fig.
2B). By fitting the zero-field data with multiple Lorentz peaks, we
obtain Dyeq = 1319.75 + 0.07 MHZ, Eyeq = 0 MHZ, Dgpoy, = 1276 £0.99
MHz, and Eg.y = 6.65 + 0.99 MHz. The fitted D,.q and Dgy,, agree
well with previously reported ZFS values of hh and kk NV in 4H
SiC, respectively (14, 20). Here, we assign the red set and gray set
ODMR to signals from hh and kk NV, respectively. The small
finite value of Eg,, warrants further measurements to fully under-
stand the origin of the nonzero E value for the kk NV center. We
also note that the hyperfine splitting caused by adjacent nitrogen
atoms is difficult to resolve because of inhomogeneous broadening
in our sample. For the other three pairs of NV centers exhibiting
basal behaviors with one pair appearing faint in the middle, we ten-
tatively identified them as basal NV centers. These basal NV centers
are oriented in three different directions, which explain the obser-
vation of three pairs.

To get an upper limit of our coherence enhancement, we study
the longitudinal relaxation time of hh NV defects (3). The longitu-
dinal relaxation time imposes an upper limit on decoherence time
To(max) = 27T1. Focusing on the transition between m; = 0 and m;, =
+1 of hh NV, T} and Rabi measurements are performed at 65 G.
Coherent Rabi oscillation is shown in Fig. 2C with a Rabi frequency
of 3.73 MHz. T} is fitted to be 100 + 1.6 ps using a single exponential
decay function (Fig. 2D).
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Fig. 2. Measurements of spin properties. (A) Magnetic field-dependent Continuous-Wave—-optically detected magnetic resonance (ODMR). The direction of the mag-
netic field is along the c axis of SiC. Gray and red dashed lines indicate the ODMR of kk and hh NV centers, respectively. (B) Left: Full CW-ODMR spectrum measured at 0 G.
Right: Zoomed-in zero-field ODMR of kk (top) and hh (bottom) NV centers. (C) Rabi measured at 65 G. The solid curve represents a theoretical fit with a damped sine
function. (D) T; of the hh NV center at 65 G. It is fitted (solid curve) to a single exponential decay, obtaining T; = 100 + 1.6 ps. (E) Spin echo spectroscopy measured at 82.5
G. Experimental data are fitted to exp(—2Techo/T2)[a — b SIN* (1 Tecno/2) — € SIN*(W2Techo/2)], Yielding the w;~21 9.8 MHz, w,~2m 2.3 MHz, and T, = 2.073 + 0.017 ps. Top

panels show their corresponding pulse sequences. a.u., arbitrary units.

The spin echo spectroscopy is found to be modulated at 82.5 G,
as shown in Fig. 2E. The spectroscopy from 1.08 us onward can be
well fitted with expected functional form exp(—2techo/T2)[a — b
SIN2 (W1 Techo/2) — ¢ SiN*(W2Teeno/2)] (6). Both the two frequencies
(w;=2m 9.8 MHz and w,=2n 2.3 MHz) in spin echo spectroscopy
exceed the bare Larmor precession rate of 296i (21t 0.07 MHz) and
3C (2 0.088 MHz) at this magnetic field. To identify them, we have
varied the magnitude of the magnetic field to 52.7 G and measured
spin echo data. Figure S6A shows the result. We subtracted the base-
line and then applied Fourier transformation to obtain the frequen-
cy spectrum. The frequency spectrum is shown in fig. S6B. The two
main frequencies are similar to those at 82.5 G. This means that they
both do not depend on an external magnetic field, which is the
feature of hyperfine-induced modulations (6). We verified that
the 9.8-MHz modulation comes from the closest *°Si, which has a
known hyperfine coupling of 9.8 + 0.2 MHz with PL6 (26). The 2.3-
MHz modulation may originate from the next-closest >’Si or the
closest '>C. Because no similar modulation is observed in the NV
ensemble in diamond, we suspect that the 2.3-MHz modulation
comes from the next-closest *°Si, because it is more abundant
than 13C. These modulations provide the possibility to make use
of the fruitful nuclear environments of NV centers in SiC (27-29).

Jiang et al., Sci. Adv. 9, eadg2080 (2023) 17 May 2023

Extension of decoherence time using dynamical

decoupling

The increase in coherence time can be observed directly by compar-
ing the signal contrast as a function of interrogation time for differ-
ent sequences. For all measurements, the contrasts decay with
increasing interrogation time as the observed transition probability
Opobs(t) decreases

Spaps(t) = Sp(t)el™’

where t is the interrogation time, T' is the decay rate,anda =1, ..., 3
(3). The decoherence time or relaxation time T = rt depends on
the effects of noise and sets the maximum possible time for
quantum manipulations. Considering that the bath-noise spectrum
in a solid system has a soft cutoff, here, we choose XY8-N sequences
(30). The XY8-N sequences consist of three parts (Fig. 3A). The first
part is a /2 pulse that prepares the superposition state after initial-
ization. The second part is an N set of eight 7t pulses with alternating
phases: x-y-x-y-y-x-y-x, which can partly compensate for pulse
errors (31). The final one is another 1/2 pulse, which is used to
project the output from the superposition state to a measurable
state. In experiments, we measure the outputs of two cascade
XY8-N measurements with different phases of the final /2 pulse.
The first XY8-N measurement has 71/2, as the final pulse while the
following pulse sequence has n/2_,. The first and second XY8-N
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Fig. 4. Quantum sensing with XY8-2 correlation spectroscopy. (A) Diagram of
XY8-N correlation spectroscopy. The purple part is the microwave pulse sequence.
The yellow part is the AC signal. T is fixed at half of the AC signal period, and T is
swept to correlate ¢, and ¢, phases. (B) Data of the XY8-2 correlation spectroscopy
and (C) its Fourier-transformed results. The peak frequency is 898 kHz.
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measurements produce SIG; and SIG, outputs, respectively. To
reduce noise from laser fluctuations and microwave errors, we cal-
culate the contrast using (SIG,— SIG,)/(SIG, + SIG;) (32, 33).

These sequences act as a filter with a bandwidth Af~ 1/(8 x N x
1), where T is the spacing between two 1t pulses. They can decouple
the target spins from magnetic fluctuations that are not resonant
with their center frequencies f, = k/(271), where k is an integer.
For k > 1, the higher harmonics at f; are suppressed. With a
larger number of 1 pulses, XY8-N sequences have a narrower band-
width and thus provide better isolation of the target spins from
noise. We use spin echo and XY8-N pulse sequences to measure
and compare the achievable decoherence times of an ensemble of
NV centers in SiC (Fig. 3B). By normalizing the contrast, we find
that the decoherence time measured with XY8-16 is extended to
28.1 s, which is one order of magnitude longer than that measured
with the spin echo. Besides hh NV, we find that the decoherence
time of kk N'V can also be extended using dynamic decoupling se-
quences (see the Supplementary Materials).

To investigate how the decoherence time scales with the number
of pi pulses, we fit the enhancement factor T/ T, as a function of
the number of 7 pulses 8 x N (inset of Fig. 3B), where T, is the
decoherence time measured by spin echo. The fitting result shows
that the decoherence time scales with (8 x N)%4*%-993 \hich is
below the theoretical prediction T/T.cpo (8 x N)* for noise
sources with correlation time t. > T, (30, 34). We do not expect
to observe the N*? scaling in our experimental conditions, as we
are not in the regime where the bath correlation time is much
greater than the NV coherence time. Moreover, imperfections of
our control pulses and a small misalignment of the magnetic field
can also contribute to the deviation (35). The extended T is com-
parable to T but still significantly below the theoretical T} limit,
which may be influenced by the presence of electrical noise from
the bulk (36, 37). Further investigation is required to comprehen-
sively understand the spin baths in SiC.

Quantum sensing of RF signal with XY8-2 correlation
spectroscopy

To detect the RF signal with a T, limited spectral resolution, we per-
formed correlation spectroscopy to sense an RF placed over the
sample with a wire (38, 39). The correlation spectroscopy pulse se-
quence consists of two XY8-N or spin echo sequences with T fixed at
half of the RF signal period (Fig. 4A). Phases accumulated in the
first and second interrogations are labeled as ¢; and ¢,, respectively.
When the spacing between the two sequences, t ., is swept, ¢; and
¢, become correlated. As a result, the final fluorescence intensity
oscillates. By performing fast Fourier transform (FFT) for correla-
tion spectroscopy, one can extract the frequency of the RF signal.
The FFT result of the measured XY8-2 correlation spectroscopy is
shown in Fig. 4B. The frequency of the peak is 898 kHz with a res-
olution of 10 kHz. The peak frequency is close to the 900 kHz of the
applied AC signal. The spectral resolution is limited by the Fourier
transform of the longest t.,,, in our experiment, which is 100 ps. For
longer t ., higher resolution can be reached and is ultimately
limited by the relaxation time T, which is 100 ps.

To show the advantages of the extended decoherence time, we
compare the signal-to-noise ratio (SNR) between spin echo and
XY8-2 correlation spectroscopy. The SNR of XY8-2 correlation
spectroscopy is calculated to be 20.1 using the method in (40).
For comparison, the SNR of spin echo correlation spectroscopy
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with the same measurement time is 13.39 (see the Supplementary
Materials). By minimizing the phase error in control pulses and
choosing an RF signal with an even smaller amplitude, a greater en-
hancement of SNR is expected to be achieved.

Quantum sensing with high spectral resolution using
synchronized readout

Last, to demonstrate RF detection with the Fourier-limited high
spectral resolution, we implement synchronized readout with the
hh NV (11, 12). The sequence of synchronized readout is shown
in Fig. 5A. It performs continuous sampling (purple) of the target
signal (yellow) and then provides frequency information from the
undersampled outputs (red). The undersampled outputs can be
decoded by analyzing the interaction of a NV center with the AC
signal of the form H(t) = ko, sin (2nvact + ¢), where « is the inter-
action strength, o, is the Pauli matrix. vac and ¢ are frequency and
an arbitrary phase of the AC signal, respectively (11). After being
prepared into superposition state %(|0> + |—=1)), the relative

phase accumulated between two of the sensor’s spin levels, |0)
and |—-1), during an XY8-2 measurement can be expressed as
@ = cos(¢). Figure 5B shows two specific cases with ¢ = 0
and (p 7, where the amplitudes of accumulated phase reach
maximum and minimum, respectively. For successive XY8-2 mea-
surements, the accumulated phase of nth measurement is
O = Joc * cos[2n8(T,,) + ¢, where T, = nT, and 8 = vac — Vio.
Ty is the delay between the start of two consecutive XY8-2 measure-
ments. vig is the central frequency of synchronized readout proto-
col, which is defined as v; o = i/ T}, where i is an integer number. The
range of AC signal frequencies v,c that can be detected without

aliasing is given by vio *+ 1/(2T;). Choosing appropriate i and T},
makes the output fluorescence oscillates at the frequency of 8.

Here, we apply an RF with 899.28 kHz and set the delay between
two consecutive XY8-2 measurements Ty to be 33638 ns. Choosing i
= 30 gives a central frequency vip = # = 891.85 kHz. We show the
readout data in Fig. 5C. After performmg a Fourier transform of the
output, we determined that the detuning frequency 6 is 7.43 kHz
with a resolution of 0.01 kHz, as evidenced by the peak in Fig.
5D. The measured RF is then calculated to be voc = vip + 0 =
899.28 kHz. Attributing to its independence of quantum lifetime,
the synchronized readout can reach a high spectral resolution. For
longer measurement time, even higher spectral resolution can be
achieved, and the main limitations are the stability of the local os-
cillator, which determines the T; and the Allan variance (3).

In conclusion, we coherently manipulated axial NV centers in
4H SiC and extended their decoherence time with dynamic decou-
pling at room temperature. The extension is attributed to narrower
transmission bandwidth with longer dynamic decoupling sequenc-
es, and further extension is possible for samples with superior co-
herence properties. We also note that spin echo spectroscopy is
modulated, potentially providing tools to investigate fruitful
nuclear environments. The exact origin of the modulation needs
further investigation. The demonstration of AC signal sensing
with improved SNR and high spectral resolution warrants the po-
tential for applications such as quantum sensing for SiC NV centers.

MATERIALS AND METHODS
A N-doped (2 x 10"7/cm?) 4H SiC bulk was irradiated with 12-MeV
protons at a dose of 10'°/cm?). The irradiated sample was
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Fig. 5. Quantum sensing with synchronized readout. (A) Schematic of the synchronized readout measurement. AC signal is represented by a solid yellow line. Green
blocks are XY8-2 measurements with a pulse spacing t fixed at around 1/(2vac). Detected fluorescence intensity (dark brown dots) depends on the accumulated phase of
each XY8-2 measurement. Dashed pink and purple frames indicate XY8-2 measurements with the lowest and highest fluorescence intensities, corresponding to the
maximum and minimum accumulated phases, respectively. (B) Phase accumulation processes during XY8-2 measurements with AC signal phase ¢ = 0 (top) and
¢ = (bottom). Pink and purple areas mean positively and negatively accumulated phases, respectively. (C) Outputs of the synchronized readout measurement. The
inset zooms in the outputs between 10 and 14 ms. (D) Fast Fourier transform (FFT) data of (B).
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subsequently annealed at 900°C to create NV defects. The concen-
tration of generated N'V centers was estimated to be 10'%/cm’ (14,
21). An omega hoop was deposited on the sample surface to deliver
the microwaves (fig. S1).

A homebuilt confocal microscope with a 50x/0.65 IR objective
was used to excite and collect fluorescence from the sample. For PL
spectral measurements at low temperature, the sample was mounted
on a Cryostation (MONTANA INSTRUMENTS) and cooled to 10
K. A 980-nm laser (CCS-I AeroDIODE) was used to excite the
sample. Fluorescence filtered by a 1000-nm-long pass filter was
coupled into a multimode fiber (50 um) and then guided into a
spectrometer (Princeton) with an InGaAs photodetector (800 to
1600 nm).

A diagram of the spin manipulation experimental setup is shown
in fig. S2. Collected fluorescence was converted into electrical
signals using a photodiode (FEMTO OE-200-IN) with a gain of
10°V/W@850 nm and a bandwidth of 200 kHz. A Data Acquisition
System (National Instruments USB-6343-BNC) reads the values of
electrical signals (analog readout) when it received triggers from the
pulse generator (Swabian Instruments Pulse Streamer 8/2). Micro-
wave was generated by a signal generator (Stanford Research
Systems SG386) and then amplified by a microwave amplifier (Min-
icircuits ZHL-30w-252-s+) before being delivered to the sample
either via the Omega hoop or a homemade cavity with a resonant
frequency of 1.39 GHz (41). The magnetic field was applied by
either a permanent magnet or an electromagnet.

Phase controls of the microwave pulse at spin echo and XY8-N
were done using the internal In-phase and Quadrature (IQ) modu-
lator of SG386. Either +0.35-V or —0.35-V DC voltages were direct-
ed to the I and Q inputs, depending on the voltage levels controlled
by the pulse generator (table S1). Details of the configuration can be
found in (32).

Supplementary Materials
This PDF file includes:

Sections Sl to SVII

Figs. S1 to S6

Table S1
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